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We study flows of hydrolized polyacrylamide solutions in two dimensional porous
media made using microfluidics, for which elastic effects are dominant. We focus
on semi-dilute solutions (0.1%—0.4%) which exhibit a strong shear thinning behav-
ior. We systematically measure the pressure drop and find that the effective perme-
ability is dramatically higher than predicted when the Weissenberg number is
greater than about 10. Observations of the streamlines of the flow reveal that this
effect coincides with the onset of elastic instabilities. Moreover, and importantly
for applications, we show using local measurements that the mean flow is modified:
it appears to be more uniform at high Weissenberg number than for Newtonian flu-
ids. These observations are compared and discussed using pore network simula-
tions, which account for the effect of disorder and shear thinning on the flow
properties. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954813]

. INTRODUCTION

Flow in porous media is encountered in a wide variety of applications and of natural phe-
nomena, from chemical engineering to soil science. Usually, Reynolds numbers are small in
porous media due to the small length scales involved, and flows are laminar and dominated by
viscous forces. In some applications, as for enhanced oil recovery but also for soil remediation,
complex fluids such as polymer solutions are used to obtain a better control of the flow. The
primary interest of using polymer solutions is to increase the viscosity of the fluids, in order to
limit fingering phenomena occurring in biphasic flows.'™

This is usually achieved by using long polymer chains, where a large viscosity increase may
be obtained with only a small amount of polymer. However, these solutions behave very differ-
ently to Newtonian fluids. They exhibit shear-tinning properties,* viscoelastic behavior,” and slip-
page at the wall.®® Above the overlap concentration and for sufficiently high flow rates, elasticity
and shear-thinning become very important. As a consequence, elastic forces dominate viscous
ones. The balance between these two is given by the Weissenberg Number, Wi =N,/2a, where N,
is the first normal stress difference, and o is the shear stress. When Wi exceeds some critical value
which depends on the flow geometry, elastic instabilities appear.”'? These instabilities may
evolve towards turbulence,'? even in the limit of vanishing Reynolds numbers. In the context of
flows in porous media where inertia is negligible, flows of elastic liquids might be used to trigger
turbulence, which may be beneficial, in terms of mixing, for example.14

Recently, direct observations of elastic instabilities in two-dimensional models of porous
media made using microfluidics have been reported.'>'® It is shown in these works that the
streamlines exhibit fluctuations at high enough flow rates. Above the threshold, the apparent
diffusion coefficient is greatly enhanced,'® the apparent viscosity is increased,'”!” and some
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trapped oil droplets are mobilized.'>'® This last consequence is likely to be related to oil field
results in Wang,'”® where additional oil has been recovered using polymer flooding in the
semi-dilute regime. Clarke et al. proposed that oil mobilization is related to pressure fluctua-
tions, which has been recently confirmed in three-dimensional structures.”'

The question of the role of viscoelasticity in flows of porous media has been the focus of
numerous studies since the 1960s (see pioneer work in Refs. 22-24). The increase in the pres-
sure drop at high Wi numbers has been discussed (see, for example, Ref. 25) as related to
extensional flows as the fluid flows through contractions.”® However, more recent experimental
results®’ in model geometries indicate that the succession of converging/diverging flows has lit-
tle effect on the pressure gradient as compared to the curvature of the streamlines which pro-
mote unsteady flows. Generally speaking, the general description of flow of viscoelastic liquids
in porous media remains an open issue (see, for example, Ref. 28 and references therein). For
example, one might wonder about the role of disorder of the porous structure, as the model po-
rous media used in Refs. 15 and 16 are periodical and the streamlines of the base flow exhibit
a well defined curvature. Another issue is related to the role of the strong shear-thinning proper-
ties of the polymer solutions. In some systems, shear-thinning is so important that the shear
stress ¢ increases only slightly with the shear rate ): for example, in semi-dilute solutions of
hydrolized polyacrylamide (HPAM) used in petroleum engineering, ¢ ~ 7% in some shear rates
ranges.”” In a previous communication, we reported that shear-thinning coupled to elastic insta-
bilities in straight channels leads to a decrease in the apparent viscosity as compared to the
bulk,?® above Wi ~ 5. This is in apparent contradiction with the extra dissipation due to elastic
instabilities found in cone and plate geometry” and in porous media.'>"’

In this work, we report a comprehensive study dealing with the flow of shear-thinning
polymer solutions in model porous media. The polymer solutions are characterized by classical
rheological measurements in cone and plate geometries. Taking advantage of microfluidics, we
design specific porous media: an array of straight channel and a network of channels having
heterogeneous widths. The use of porous media micromodels of well defined geometry and dis-
order allows us to perform pore network simulations on the same geometry and to compare to
experiments. These simulations do not include viscoelasticity but only shear-tinning. They thus
serve as a reference for low Weissenberg numbers. In the porous medium micromodel, experi-
mental results show, similarly to previous studies, an increase in the pressure drop at high Wi
numbers. We also observe a smaller increase in the pressure drop in straight channels, for
higher Wi than in Ref. 29, which resolves the above mentioned apparent contradiction. Local
observations reveal the existence of elastic instabilities in this range of Wi. The interplay
between the shear-thinning property of the polymer solutions, the elastic instabilities, the geom-
etry of the porous media, and the heterogeneities of the flow in the porous media are high-
lighted and discussed. In particular, we show that the tortuosity, which is usually defined as the
relative mean length of the streamlines, depends on the shear-thinning properties of the polymer
solutions for laminar flow, and not only on the structure of the porous medium. Above the
onset of elastic instabilities, experimental data show that the effective tortuosity is increased
and eventually becomes greater than that of a Newtonian fluid. The values of the critical
Weissenberg numbers are discussed in this framework. The main originality of our work is to
address the role of shear thinning on the instability.

The manuscript is organized as follows. The first section deals with the preparation of the
microfluidic devices and the measurements of the rheological properties. In a second section,
we detail the numerical methods and results. The third section details the experimental meas-
urements and their analysis. The last section is devoted to the conclusion.

Il. MATERIALS AND METHODS
A. Device and setup

In this work, we use two mcirofluidic devices made of SUS8 resin (Microchem 3100 series),
using photolithography. The fabrication procedure has been described in Ref. 4. The first device
is a micromodel of a porous medium. It consists of a channel network of heterogeneous widths,
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arranged in a square lattice. The lattice is orientated along the flow direction, allowing the dis-
tinction between channels parallel to the flow with those perpendicular to the flow. The height
h of the channels is uniform and equal to 67 um. The width of each channel is set randomly
according to a log-normal distribution of mean value w=30um and of standard deviation
Aw=10um. In the following, we refer to the relative standard deviation €= Aw/w which
equals 0.33. The network is made of N =160 perpendicular channels and 40 parallel ones. The
wavelength of the lattice is 250 um, in both parallel and transverse directions. The porosity is
0.24. The total dimension of the porous domain is 1 x 4cm. In the inlet and outlet, we added a
wide cell empty of pillars, made to reduce end effects. Fig. 1 displays the mask used for the
photolithography procedure, and a magnified image of the device, obtained before bonding.

The second device used is made of an array of 40 identical parallel channels. This device
shares the same global features as the porous medium micromodel: length (4cm), channel
width (30 um), inlet, and outlet. The height of this device is 45 um. This second device has
been used as a reference for pressure drop measurements.

The devices are connected to a syringe pump (Nemesys) which injects the fluids at a con-
stant flow rate. The range of flow rates investigated is from 5 to 1000 ul/h. Next to the inlet
and the outlet, we connect pressure sensors (Honeywell, ASDX 30 psi), which allows us to re-
cord the pressure drop at a frequency of 1 Hz. For a given flow rate, after a transient regime,
the pressure drop stabilizes and we systematically average its value at steady state. Depending
on the flow rates, the duration of the transient regime could be as long as 30 min.

B. Rheological properties

We investigated two solutions of hydrolyzed polyacrylamide (HPAM) of molecular weight
18 x 10° g/mol, obtained from SNF (36305s). The polymer is dissolved in pure water, at concen-
trations of 0.1% and 0.4% in weight.

(20)
4cm

100

(b)

FIG. 1. Images of the masks used to manufacture the micromodel of porous medium (top) and the array of parallel channels
(bottom). In inset, top, is shown a TEM image of few nodes of the porous media. The mean width of the channel is 30 um,
and the height is 67 um. In inset bottom, optical picture of the entrance of the channels in the array of parallel channels
(width 30 pm and height 45 ym).
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We performed global rheological measurements using a stress-controlled rheometer (TA
instruments ARG?2) that can also impose a fixed shear rate using a feedback loop. We used a
cone-and-plate geometry with sanded surfaces of diameter 40 mm and angle 1°. A solvent trap
is used to prevent evaporation. The temperature was fixed at 20°.

The results are plotted in Fig. 2. The two HPAM solutions exhibit a strong shear thinning
behavior over the whole range of shear rates j investigated. For both concentrations, the shear
stress o is well approximated by a power law function ¢ = K}", and the value of n is about
0.2. We emphasize that this is a rather low value. At low shear rates, the data deviate from the
power law function, but these low shear rates are out of the range of the experiments in the
microfluidic device. At high shear rates, and especially for the 0.1% solution, the apparent shear
stress is higher than the extrapolation of the power law function. This is likely to be due to
some elastic instabilities (see below), as we observe that for shear rates greater than 50 s7!, the
instantaneous shear stress exhibits significant fluctuations.

Using simultaneous normal force measurements, we compute the Weissenberg Number,
which we define as Wi=N;/20, where N, is the first normal stress difference. As highlighted
in Refs. 5 and 29, it is important to define the Weissenberg number from non-linear properties
rather than the linear relaxation time, which is sometimes used, as it is much higher and not
relevant to the flow in the shear-thinning regime. The results are plotted in Fig. 2. The
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FIG. 2. Top: wall shear stress as a function of shear rate. Results obtained in cone and plate geometry at imposed shear rate
for the 0.4% (A) and 0.1% solutions (O). The straight lines are the best power-law fits to the data. They are given by
5.46 x ",','0'16 (0.4 wt. %) and 1.02*}'0'22 (0.1 wt. %). Bottom: Weissenberg number versus shear rate. The Weissenberg num-
bers follow power-law functions of the shear rate that are given by: 0.097*°7 (0.1 wt. %) and 0.88 x 7%%? (0.4 wt. %). The
inset displays the transient measurements of the shear stress for several shear rates applied: (from bottom to top) 10, 20, 50,
80, 100, and 2005~ '. Important fluctuations are observed for the three highest shear rates. These indicate that in the range
of shear rate delimited by the dashed rectangle, the flow in unstable in the cone-and-plate geometry.
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Weissenberg number exhibits a power law variation with respect to the shear rate, at least
in the range of shear rates where we performed the microfluidics experiments. We find that
Wi = 0.097%%7 for the 0.1% solution and 0.88 x 7%% for the 0.4%. Importantly, Wi is greater
than unity for shear rates greater than 1 s (for the 0.4% solution) or 10s™" (for the 0.1% solu-
tion), so that we expect elasticity to dominate the flow properties at higher shear rates.

According to the criterion proposed by Mc Kinley er al.,'" one expects that in the cone and
plate geometry, elastic instabilities appear for Wi > M /(2 sin 0)1/ ?, where the constant M usu-
ally depends on the flow curve but is about a few units. Though it is rather difficult to know
with good precision the onset of the instabilities, we estimate from the observation of stress
fluctuations that above 50 s’l, the flow is unstable. This is consistent with a value of M which
is about 2 for the 0.1% solution and 4 for the 0.4% solution. A major consequence of these
instabilities is that they can significantly contribute to the measured shear stress.”>* Therefore,
we think we cannot trust at high shear rates the experimental flow curves displayed in Fig. 2,
and the deviation from the power law function observed for the 0.1% solution is likely to be
due to these elastic instabilities.

lll. REFERENCE FLOW FOR SHEAR-THINNING LIQUIDS

In this section, we present numerical results obtained for a shear-thinning liquid. Solving
the flow of a viscoelastic shear-thinning fluid would be very costly in terms of processing time
in the studied geometry. We restrict ourselves to an oversimplified approach where elasticity is
neglected and where the geometry of the flow is idealized as a network of straight channels.
These simulations results aim to serve as a reference and are not intended to account for the ex-
perimental results. Simulations will then be used to interpret the experimental results, and,
importantly, to account for the consequences of the disorder of the porous network. For the
sake of simplicity, the liquid viscosity is approximated by a power-law, in agreement with the
polymer solution properties measured in the range of flow rates studied.

A. Numerical method

We performed flow simulations using pore network modeling. This numerical approach
consists of modeling the porous geometry by a network of connected channels. Such an
approach is therefore well adapted to the geometry of the micromodel: it is straightforward to
study in the simulations the same geometry as in the experiments.

As in the experiments, we use a square lattice of channels of uniform height /# and length
[, and of heterogeneous width w;; (see Fig. 3), randomly generated according to a log-normal
distribution of mean value w and of standard variation ew. All the calculations are made on a
50 x 50 lattice, but the results are averaged on 50 different random networks. At each node of
the network, mass conservation means that for a given node i

Wij

FIG. 3. Top: Principle of the simulation: the porous domain is idealized by a network of rectangular channels having heter-
ogeneous widths w;; of relative standard deviations €. The flow rate/pressure drop relation of a power-law fluid in a rectan-
gular channel is solved in each channel. Bottom: Examples of simulation results: flow rates maps, the highest flow rate are
the brightest. Left: Newtonian fluid (n = 1) in a heterogeneous network (e =0.33) of 50 x 50 nodes. Right: Shear-thinning
fluid (n=0.2). In the color bar, flow rates have been normalized by the total flow rate divided by 50.
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> a4 =0, (1

J

where the summation is made on the neighboring nodes. The flow rate g; in channel ij is
assumed to be given by the laminar fully developed channel flow of a power-law fluid. Since
no analytical solution could be obtained in rectangular ducts, we use the following empiric
expression proposed by Hartnett and Kostic®' to correlate their numerical results

@

sign(p; — pj)h** lpi —pi|l \"
Cﬁj ) 9

" da(1+ 2)(b + a/n) \2KI(1 + o

where o = h/wj; is the aspect ratio, p; is the pressure at node i, K, and n are the parameters
involved in the power-law function ¢ = K}". In this expression, @ and b are numerical con-
stants that depend on the aspect ratio.*

The system of Equation (1) coupled to uniform pressure at the inlet and at the outlet as
boundary conditions is solved using the Levenberg-Marquardt solver of matlab. The main
approximations in this numerical approach consist in neglecting the influence of the nodes of
the network and of the end effects in the channels.

Figure 3 displays typical outputs of the computation: a map of the flow rates in all of the
channels of the network. Clearly, there is a strong coupling between shear-thinning and the net-
work disorder: as compared to the Newtonian case, the flow of a shear-thinning fluid is concen-
trated in the channels that are parallel to the flow. The effective tortuosity of the porous me-
dium is lowered.

B. Global pressure drop

In the experiments, we measure systematically the pressure drop as a function of the flow
rate. The raw data are rather difficult to interpret for a non-Newtonian liquid as the flow proper-
ties could be shear-rate dependent. We propose to calculate from the pressure/flow rate relation
an effective shear stress/shear rate relation, so that it is then possible to compare directly with
rheograms. The procedure is however not straightforward since, for a given global flow rate,
the mean shear rate and shear stress depend on both the network disorder and the fluid flow
properties. We detail below the methodology used.

We used two different micromodels: the first one is an array of N =40 parallel straight and
identical rectangular channels, and the second one is an heterogeneous network of channels of
similar dimensions. The first one is studied as a reference.

In the experiment, we measure the pressure drop AP, as a function of the flow rate Q. In
the channel array device, the procedure to derive wall the shear rate j,, and shear stress o,
from these measurements is available in the literature.® They are given by

AP()hW
P00 = 3w B (32)
. 400 w a
Two = Nw2h <1 - h) (b - n) (3b)

where N is the number of channels, L is the channel length, and ¢ and b are the same empirical
constants appearing in Equation (2); they depend on n and on the channel aspect ratio.

The case of the porous medium micromodel is much more complex: the previous relations
are only correct in the case of a homogeneous network, but need to be updated for a heteroge-
neous structure. For real rocks, the usual procedure consists of determining the apparent viscos-
ity using Darcy’s law, taking advantage of a characteristic length scale of the rock to define an
apparent shear rate.'>* This length is typically v/k¢, where k is the permeability and ¢ the po-
rosity. However, such procedures lead to a shift in the shear rate, when comparing to bulk
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rheograms.® This shift factor is found to depend on both the rock and on the fluid. This is not
surprising as even for a simple channel flow, Equation (3b) reveals that the shear rate correction
depends on geometry and on the power-law exponent. Furthermore, it has been shown using
pore-network simulations that the tortuosity of the network is an important parameter affecting
this correction,” due to some complex cooperative effects.®® One can thus anticipate that
Equation (3b) is not valid in heterogeneous channel networks and that a correction factor which
should depend on the network heterogeneity is needed to obtain a rheogram and compare the
results to the bulk rheology.

We take advantage of pore-network simulations to calculate this correction factor. When
varying the network heterogeneity in the simulations, we find that the effective permeability of
the media, defined as k = SAP/Qp, decreases when the standard deviation of the heterogeneous
channel widths is increased. In Fig. 4(a), the permeability of the network normalized by the
one of a homogeneous one is shown for various network disorders and power-law exponents of
the shear thinning liquid. One sees that this permeability reduction is more important for a
shear-thinning fluid than for a Newtonian one, e.g., the permeability is decreased by a factor of
2 in a network of standard deviation € =0.45 for a power-law fluid of exponent 0.2, but only
by 20% for a Newtonian fluid. This result has an important consequence: the effective viscosity
of a shear-thinning fluid depends on the size heterogeneity of the medium and cannot be
directly measured using Darcy law. We take advantage of pore-network simulations to calculate
this correction factor. When varying the network heterogeneity in the simulations, we find that
the effective permeability of the media, defined as k = SAP/Qp, decreases when the standard
deviation of the heterogeneous channel widths is increased. In Fig. 4(a), the permeability of the
network normalized by the one of a homogeneous one is shown for various network disorders
and power-law exponents of the shear thinning liquid. One sees that this permeability reduction
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FIG. 4. Simulation results. (a) Effect of network heterogeneity e and shear-thinning exponent n on the global flow rate. Flow
rates Q are normalized by the flow rate in a homogeneous network Q, predicted for the same imposed pressure drop. (b)
Mean values of the channel width w, the wall shear stress ¢, and shear rate 7, for n =1 and n =0.2 as function of the network
heterogeneity. All these quantities are normalized by their values in a homogeneous network and are calculated using a flow
rate weighted averaging. (c) and (d) PDF of the wall shear stress and shear rate (flow rate weighted) for n =0.2.
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is more important for a shear-thinning fluid than for a Newtonian one, e.g., the permeability is
decreased by a factor of 2 in a network of standard deviation € =0.45 for a power-law fluid of
exponent 0.2, but only by 20% for a Newtonian fluid. This result has an important conse-
quence: the effective viscosity of a shear-thinning fluid depends on the size heterogeneity of
the medium and cannot be directly measured using Darcy law.

In order to better understand this effect, we compute from the simulation results the shear stress
and shear rate probability density functions (PDF) in the medium. The results are shown in Figs. 4(c)
and 4(d), for n =0.2. The PDF are obtained by weighting each channel by its flow rate. This weighting
allows the PDF and the mean values to reflect the contributions of each channel to the pressure/flow
rate relation. Local shear stresses are computed according to 6;; = |P; — P;j|hw;;/21(wj; + h), which is
the mean wall shear stress in a channel of rectangular cross-section.” In Fig. 4, local shear stresses are
normalized by that in an homogeneous network, which is given by ao = APhw/2L(w + h). The
apparent shear rate 7; in channel ij is directly computed from the rheological flow curve, ie.,
Vi = o,/ /K. The standard deviation of the PDF of the shear stress is broader for heterogeneous
media, as expected, and its mean value is slightly decreased. Looking at the PDF of the shear stress,
the effect of network heterogeneity is striking, as the distribution functions become very large for het-
erogeneous network and highly shear-thinning liquids. As for the shear stress, the mean shear rate is
decreased, but the effect is much more pronounced. This is clearly coming from the non-linearity of
the shear rate/shear stress relation.

The mean values®’ of shear stress and shear rate have been systematically calculated and
are shown in Fig. 4(b) for n=1 (Newtonian fluid) and n=0.2 (power-law exponent of the two
solutions used experimentally in this work). The mean value of the channel width is also shown
in this figure: it differs from the one imposed, because the mean values shown in Fig. 4(b) are
weighted by the local flow rates. The increase in the mean width of the channels when the net-
work heterogeneity is increased could be directly interpreted as follows: larger channels con-
tribute to the flow more than smaller ones. This effect is not surprising. Less intuitively, we
note that this effect is more important for Newtonian fluids than for the shear thinning ones.
We will come back to this point in Sec. III C. The fact that the mean shear stress is slightly
decreased when increasing the network disorder (about 10% for e =0.45 and n=0.2, but more
than 25% for a Newtonian fluid in the same network) is due to the tortuosity of the medium.
Despite flowing in larger channels which would increase the shear stress, the mean length L.
of the streamlines is larger than the length of the porous medium L. Clearly, the tortuosity t,
defined as T = Legr/L is larger for a Newtonian fluid than for a shear thinning one. This effect
could be observed qualitatively in Fig. 3, and will be discussed in Sec. IITC.

From the calculated mean values of the shear rate and shear stress, we can define empirical
correction factors for Equation (3b). In a heterogeneous channel network

o — APhw
Y T2L(w+h)’

) _p v a
e =Py <1+h> <b+n>, (4b)

where o = (a) /g and B = ((})/70)(Qo/Q). These correction factors depend on both the shear-
thinning exponent and the network heterogeneity. For the conditions tested experimentally
(e=0.33 and n=0.2), we find «=0.91 and f=1.20. These corrections are rather small.
However, we point out that the simulation results reveal two main differences between a shear-
thinning fluid: as compared to a Newtonian one, the shear rates are much more heterogeneous,
but the effective tortuosity is smaller.

(4a)

C. Effective tortuosity

Let us analyze more closely the effective tortuosity of the medium. As will be detailed in
Sec. IV, we are able to determine velocity estimations in each channel. We focus on the ratio
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of the mean velocity in perpendicular channels over that in parallel channels, v /vj. This quan-
tity is related to the effective tortuosity, as one can, using a crude approximation, write
T~ 140y /o).

From the numerical results, it is straightforward to calculate the ratio v, /v, by simple
averaging. Here, we use simple ensemble averaging, without flow rate weighting, similar to the
experimental analysis. Fig. 5 summarizes the results. We find that this ratio increases when
increasing the network heterogeneity €, as expected. More importantly and less intuitively, we
find that it strongly depends on the shear-thinning exponent. It is higher for Newtonian fluids
than for shear-thinning ones. This effect could be observed directly on the velocity fields dis-
played in Fig. 3. The flow of a shear thinning fluid is much less tortuous than that of a
Newtonian fluid, and transverse channels do not contribute significantly to the global flow. In
such a network, flow occurs in transverse channels due to the fact that some of them are wider
than the parallel ones and thus globally lower the global hydrodynamic resistance, even with
tortuous streamlines.

In order to understand the difference between shear thinning and Newtonian fluids, let us
compare the sensitivity s; of viscous loss QAP with the channel length [ (s, = 9;(QAP)/I) and
the sensitivity s,, with channel characteristic size w of the cross section. Using Equation (2)
simplified assuming square cross sections, we find that the ratio of these sensitivities is given
by s,,/s; = 1 + 3n. This directly shows that the sensitivity to channel width is much higher for
a Newtonian fluid than for a shear thinning fluid, and explains the variation shown in Fig. 5 of
vy /v| with respect to the power-law exponent 7 of the fluid.

IV. EXPERIMENTAL RESULTS
A. Global pressure drop

Figure 6 displays the experimental results. In both geometries, the pressure is linear with
respect to the flow rate for Newtonian liquids (see the inset in Fig. 6). More quantitatively,
given the geometric features of the device and using Equation (3) for the channel array, we
find a very good agreement between the data obtained with a Newtonian liquid and the predic-
tion, as the viscosity a,,/7,, that is deduced from the experimental linear relation is within 2%
the one measured with a rheometer (10 mPas). For the porous medium micromodel, using
Equation (4) with the values of o and f calculated numerically for n=1 (see Section III B),
0=0.79, f=0.93, we deduce from the experiments a viscosity of 2.1 mPas, which is in good
agreement with the expected value of 2.3 mPas. Thus, we obtain coherent experimental results
obtained with Newtonian liquids, validating the experimental set up.

0.35 T T T T T
—A— =045

FIG. 5. Simulation results. Ratio of the mean velocity in transverse channels over that in parallel ones, for various shear-
thinning exponent » and heterogeneity e of the network. The calculation was made on a 50 x 50 grid.
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FIG. 6. Raw data of pressure drop versus applied flow rates, for different geometries and two HPAM concentrations,
0.4wt. % (A) and 0.1 wt. % (O). The open symbols correspond to the results in straight channels, the full symbols to the
results in the porous medium micromodel. In inset are shown validation experiments using Newtonian liquids: full symbols
correspond to flow of isopropanol (viscosity 2.3 mPas) in the porous medium micromodel and the open symbols to a
water-glycerol mixture of viscosity 10 mPas. For these two sets of data, best linear fits are shown and corresponds to
AP =271 x 10" Q, and AP =1.08 x 10" Q, respectively.

The non-Newtonian results are difficult to interpret without further processing of the data.
We use Equation (4) to compute the wall shear rate and shear stress from the pressure drop and
flow rate empirical relation. The results obtained in the straight channel device are plotted in
Fig. 7 together with the data obtained in the cone and plate geometry with the rheometer. For
shear rates below 200s ', both set of data are in rather good agreement. We note however that
the stress in the straight channel is slightly lower in this regime than that measured in the cone
and plate geometry. This effect is likely to be due to the fact that for these highly shear-
thinning liquids, some specific elastic instabilities reduce the apparent viscosity.”’ These elastic
instabilities appear for Wi =5, i.e., for ¢ =4 Pa for the 0.4% solution, and for ¢ = 1 Pa for the
0.1% solution.”® Thus, in the range of shear stress tested in this work, we expect the base flow

100 - - : -
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FIG. 7. Wall shear stress versus shear rate for different geometries and two HPAM concentrations, 0.4 wt. % (A) and
0.1 wt. % (O). The open symbols correspond to the results in straight channels, the full symbols to the results in the porous
medium micromodel and the points to bulk rheology in cone and plate geometry.
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to be unstable, except for the lowest flow rate. Slippage at the wall may also lead to a decrease
of the wall shear stress, but we already reported in a previous communication with direct meas-
urements that it is negligible in this range of shear rates.”” In this work, we extend the above
cited experiments to higher shear rates. For 7, > 200s~!, the wall stress deviates from the
power-law dependence observed at lower shear rates in cone and plate geometry, increasing sig-
nificantly. This deviation is rather difficult to interpret without additional local characterization
of the flow. Indeed, at these high shear rates, even the flow in the rheometer exhibits elastic
instabilities and it does not seem possible to obtain a rheometric flow and thus a characteriza-
tion of the viscosity. Assuming that the power-law at lower shear rates could be extrapolated,
the measurements reported in the array of straight channels in Fig. 7 indicate that, for both
0.1% and 0.4% solutions, elastic instabilities induce extra-dissipation and increase the effective
viscosity of the solution in this high shear rates regime.”® This result completes the picture
drawn in Ref. 29. In a straight channel, the base laminar flow of a shear-thinning elastic fluid
becomes unstable for Wi = 5, and the apparent viscosity is reduced due to structural homogeni-
zation over the cross section. For Wi = 30, the apparent viscosity increases, and this extra-
dissipation is likely coming from more and more complex elastic instabilities. Indeed, we
reported in Ref. 29 that the streamline perturbations evolve from single mode at Wi ~ 5 to a
much broader spectrum at Wi ~ 10. A detailed analysis of velocity fluctuations in straight
channels for Wi > 10 would be necessary to get additional insights on this scenario, but falls
out of the scope of the present article.

In Fig. 7 are also plotted the data obtained from pressure drop measurements in the hetero-
geneous network of straight channels. Experiments are more difficult to carry out in this device
as the pressure drop stabilizes only after a rather long time at low flow rates and exhibits fluctu-
ations at high flow rates. From the pressure drop and flow rate, we compute the effective wall
shear stress and wall shear rate according to the procedure described in section III B. Two dif-
ferent regimes are evidenced: below 100s™', the shear stress measured in the heterogeneous
network is similar within the data uncertainty to the one measured in the array of straight chan-
nels, and in relative agreement with the rheometric data. Above 100 sfl, the effective shear
stress in the heterogeneous network increases rapidly and is much larger than in the straight
channels. At 600s™', the shear stress (or equivalently the pressure drop) is increased by a factor
of about 3, as compared to that of the straight channel. This important increase in the pressure
cannot be solely due to some entrance effects, as the inlet and outlet geometries are exactly the
same for both devices. The threshold above which the shear stress in the porous medium micro-
model deviates from the low shear rate power-law behavior correspond to Weissenberg num-
bers of Wi. =15 (*4) for the 0.4% solutions and 7 (£3) for the 0.1% solution.

As previously noted, elastic instabilities occur in straight channels at even lower
Weissenberg numbers, but these have relatively small consequences:* at most about 30% of
drag reduction and the streamlines are only slightly perturbed. The important increase of the
pressure drop above Wi, might be interpreted as due to another type of elastic instability. We
performed some direct flow observations with a microscope by seeding the solution with fluo-
rescent tracer particles, and superimpose successive images in order to get an idea of the
streamlines at the local scale in the micromodel. Figure 8 shows examples of these streamlines,
below and above Wi,... The streamlines obtained below the threshold look like those for laminar
flow. In contrast, the ones observed above Wi, are clearly that of an unsteady flow as they cross
each other. The motion of the tracers seems to be erratic. This proves that the flow is highly
unstable, and probably turbulent, above Wi.. Therefore, the onset of elastic instabilities coin-
cides with the measurement of an extra-pressure drop. This does not imply that these instabil-
ities are the only reason for this excess of pressure, as extensional viscosity for example, may
contribute as the polymeric liquid flows through contractions. However, for the relatively small
contractions in the studied micromodel (the relative standard deviation of channel width is
0.33), studies have shown that the corresponding extra pressure remain weak.>®’

It is interesting to discuss the value of Wi,. Elastic instabilities are known to occur in cur-
vilinear flow above a threshold given by a criterion proposed by McKinley et al.,'' with
Wiy/w/R > M, where R is the radius of curvature of the streamlines. In the heterogeneous
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FIG. 8. Snapshots of the streamlines in the heterogeneous channel network, for the 0.4% solution. Left: Wi=3. Right:
Wi = 20. Flow direction is from the left to right.

network, we might start by assuming that the mean streamline curvature in laminar flow is of
the order of 1/w (see, e.g., Fig. 8, left). This leads to values of M that are about 15 and 7 for
the 0.4% and the 0.1%, respectively. These values are about four times those estimated from
the onset of the elastic instability in the cone and plate geometry. They are also much higher
than the one reported by Clarke et al.,"> which are of the order of unity or below. This indi-
cates that the effective curvature of the streamlines might be much smaller than the rough esti-
mation used above, 1/w. In order to match the values of M estimated in the cone and plate
geometry, the curvature should be corrected by a factor of 16. This important correction might
be related to the fact that the effective tortuosity of the porous media used is rather low, and
that most of the streamlines of the laminar flow are straight along the channels parallel to the
mean pressure gradient. As shown qualitatively in Fig. 3 and discussed in Section IIIC, this
small effective tortuosity is specific to highly shear-thinning fluids. If this interpretation is cor-
rect, one would conclude that shear-thinning delays the onset of elastic instabilities responsible
for the increase of the apparent viscosity.

Let us conclude this part by two additional remarks. First, similarly to the case of the
straight channel, elastic instabilities can appear for Wi < Wi,, without inducing extra dissipa-
tion. A local and detailed analysis of the flow is required to test this issue. Second, let us recall
that the simulation results in the laminar regime reveal that the local shear rates are very widely
distributed (see Fig. 4(d)), and that this large heterogeneity could greatly affect the apparent
onset of the instabilities.

B. Local flow characterization

Let us now analyze in more detail the streamlines in order to get further quantitative
insights of the flow above Wi,, where elastic instabilities occur.

To do so, we took series of images and tracked fluorescent tracer particles on successive
images, using standard image processing methods.>® The experiments were carried on a
Olympus IX71 equipped with a 40x objective and the images acquired by a Orca Flash 3.0
SCMOS camera. The image acquisition frequency was adjusted in order to be able to track all
the particles. Fig. 9 shows an example of the particle trajectories obtained from the particle
tracking procedure. We discarded trajectories that were made of less than 5 particle positions in
order to remove false detections.

We restrict ourselves to the analysis and discussion the mean value of local velocities. We
proceed by averaging particle displacements in the channels and dissociate channels that are
parallel to the mean pressure gradient from transverse ones. For this purpose, we define regions
of interest (see Fig. 9), calculate the absolute value of mean velocities in each of these regions,
and average separately parallel and transverse channels. Series of 500 images were taken at
about 5 different locations, in order to obtain representative mean values of the transverse and
parallel velocities, designated, respectively, as v, and vj.
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FIG. 9. Top: visualization of the trajectories which were tracked for a Newtonian fluid (glycerol) at 200 mbar, calculated on
500 images at 85 fps. The flow direction is from the left to the right; the dashed (respectively, dashed-dotted) rectangles
illustrate the regions of the images where v|| (respectively, v, ) is computed. Bottom: Mean velocities in parallel (v, &) and
transverse (v, ,[]) channels versus the mean wall shear stress, for a Newtonian fluids (glycerol). The data are well
accounted by linear relations, and best fits lead to v /VH =0.14.

The procedure is first validated using glycerol, a Newtonian fluid. As shown in Fig. 9, we
find a linear relation for both parallel and transverse velocities with respect to the pressure
drop. The ratio v, /vy = 0.14 is related to the tortuosity of the porous media, it would vanish in
a homogeneous channel network. In a crude approximation, the effective tortuosity can be
expressed as T~ 1 + v /v|. The ratio v, /v is also an indicator of the flow homogeneity: the
greater this ratio the greater the flow in channels orientated in the unfavorable direction.

The ratio v, / v has also been calculated in the simulations (see Section III C). Experiments
and simulations are however in rather poor quantitative agreement, as we find for a Newtonian
fluid that the ratio v, /v) is about 0.23 for a heterogeneity of ¢=0.33 tested experimentally.
This value is greater than the one obtained experimentally. Additional experiments using micro-
models of different heterogeneity might be needed to understand this discrepancy. Despite the
special care that has been taken to obtain statistically representative mean values in the experi-
ments, let us underline that these measurements are rather complex and that some experimental
bias might exist: some tracers could stick at the walls; in some channels, only a few tracers are
seen; the tracers may not be uniformly distributed in the cross section, etc. Also, in the simula-
tion, we neglect node volumes, which might be an oversimplified assumption that could lead to
some bias. For these reasons, we do not focus on the difference between numerical and experi-
mental results and restrict ourselves to commenting the variations of the ratio v, /vj.

The experimental results for the 0.4% HPAM solution are shown in Fig. 10. At low shear
stresses (below Wi,), v /v is roughly constant and is about 0.07. This value is of the order of
the one found numerically for a laminar flow (0.052). Importantly, it is half the one measured
for a Newtonian fluid. We therefore find, similarly to the simulations, that in the apparent



043507-14 Machado et al. Biomicrofluidics 10, 043507 (2016)

0.25

FIG. 10. Top: Ratio of velocities for 0.4 wt. % HPAM ([J) and Newtonian fluid (-). In laminar flow the ratio is constant
for HPAM and less important for Newtonian fluid. Beyond the onset the ratio increase and exceeds the Newtonian flu-
ids. Bottom: Superposition of 20 successive images. Flow is from left to right. Left: Q=50 ul/h, Wi=7. Right:
Q=150ul/h, Wi=15.

“laminar” regime, the flow is less tortuous for shear thinning fluids than for Newtonian ones.
When o, >20Pa, i.e., above the onset of the elastic instabilities responsible for an anomalous
increase in the apparent viscosity, the value v, /v is increased and even exceeds significantly
the value obtained for a Newtonian fluid for ,,>25Pa. This shows that elastic instabilities
greatly modify the features of the flow: transverse channels, which are almost unexplored by
the flow due to shear thinning, have significant flow in them above Wi,. In fact, this flow ho-
mogenization is directly visible in the images. Fig. 10 displays examples of image superimposi-
tion taken below and above Wi.. Some of the transverse channels that were almost at rest at
low flow rates significantly contribute to the flow at higher ones.

This flow homogenization is possibly due to the fact that the effective shear stress versus
shear rate relation becomes closer to that of Newtonian fluid in the high Wi regime. Though
this effect could play a role, it would not explain why the value of v, /v overcomes that of
Newtonian fluids. Another, and to our point of view more convincing interpretation, is
related to pressure fluctuations created by the elastic instabilities. In transverse channels, the
flow is small because pressure gradients are small. One expects that elastic instabilities can
lead to local pressure fluctuations which create important transient pressure gradients in the
transverse channels. This interpretation is associated with the observation than in the unsta-
ble flow regime, some back and forth movements of tracer particles are seen in some chan-
nels. An analysis of flow fluctuations is needed to be able to support this interpretation, but
falls out of the scope of this work. It is consistent with the interpretation proposed by
Mitchell et al., who argued that pressure fluctuations mobilize oil droplets when elastic insta-
bilities are present.
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V. CONCLUSION

In summary, we have investigated the role of elastic instabilities of shear-thinning polymer
solutions in model porous media. Similarly to previous studies, we report direct experimental
evidence that the flow becomes unstable above a certain threshold. Using a precise methodol-
ogy to extract effective shear stress and shear rates from standard pressure-flow rate experi-
ments, we find that the threshold is obtained for Wi, ~ 10, but the exact value depends on the
fluid. This value is higher than previously reported using polymeric liquid with smaller shear-
thinning.'> We interpret this observation as a consequence of the fact the effective tortuosity of
the porous medium studied is lower for shear-thinning fluids. Above this threshold, we find that
in straight channels, the pressure drop increases significantly; but this increase is much more
important in a heterogeneous network of channels.

In addition, we show that above the instability threshold, the flow of polymer solutions
become more homogeneous, in the sense that flow in transverse channels is greatly enhanced.
This effect can have some very important consequences. For example, in biphasic flows
encountered in oil recovery or soil remediations applications, this effect might help in mobiliz-
ing trapped clusters in dead regions of the flow. As this effect reduces flow heterogeneities, it
may also reduce the hydrodynamic dispersion of solutes and homogenize residence times. This
could have some direct applications in heterogeneous catalysis or in analytical chemistry.

Numerical approaches which include viscoelasticity would be of high interest in order to
better understand the appearance and consequences of elastic instabilities in the complex geo-
metries investigated.

Let us finally mention that, in laminar flow, the shear thinning property of polymer solu-
tions is responsible for the opposite effect: transverse channels have less flow than Newtonian
fluids. It should be interesting to test the case of shear-thinning liquids with weak elasticity,
and of Boger fluids which are elastic but not shear-thinning. For this second class of liquids,
we could expect that for Boger fluids the elastic instabilities could homogenize more efficiently
the flow than for shear-thinning elastic fluids.
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